The RECOMBFLOW scientific workflow system was used to test a previously suggested hypothesis that pathogenic Escherichia coli have more Intragenomic Gene Conversions (IGC) than non-pathogenic strains. Although some pathogens (O157:H7 and some Urinary Tract Infection (UTI) strains) had high IGC, two UTI strains and six Shigella (pathogens in the E. coli clade) were near non-pathogenic E. coli levels. Functional bacterial gene families with IGC in >4 genomes included efflux pumps, L-serine deaminases, FeS binding subunits of oxidoreductases and glutamate synthase, porins and related membrane proteins, Rhs elements, and L-ribulose-5-phosphate-4-epimerase. Shigella had lower IGCs in these families than non-pathogenic E. coli.
Introduction
Intragenomic recombination can occur in bacteria and has been suggested to occur more frequently in pathogenic species or strains Drouin, 2004, 2007; Santoyo and Romero, 2005) . Recombination, in the general sense, is the transfer, insertion, or replacement of a length of DNA into a genome from another source. Although discovered in bacteria as a result of conjugation, transfer and replacement of a defective gene in one cell with a functional allele of the same gene from another cell of the same species (Lederberg and Tatum, 1946) , recombination can also occur between different regions of the genome within the same cell. For example, the concerted evolution of multiple copies of genes coding for ribosomal RNA may depend on intragenomic recombination between the homologous copies to keep all copies more or less 'in synch' (Liao, 2000) .
The usual requirement for recombination to occur is a similarity of sequence between recombining regions. For homologous genes, experiments on the effect of sequence divergence on recombination frequency have shown decreases of up to 300-fold with a 16% DNA sequence mismatch (Watt et al., 1985; Shen and Huang, 1986; Vulic et al., 1997 Vulic et al., , 1999 Fraser et al., 2007) . However, even non-homologous genes may share sequence similarity and therefore provide conditions for mutual exchange or transfer of genetic material through recombination. Thus, in addition to the concerted evolution of rRNA genes, intragenomic recombination has been demonstrated experimentally between the tufA and tufB genes in Salmonella typhimurium (Hughes, 2000; Arwidsson and Hughes, 2004 ) and the gadA and gadB genes in Escherichia coli (Bergholz et al., 2007) .
The result, a conversion of part of a gene to be identical to another gene within the same genome has been referred to as ectopic of Intragenomic Gene Conversion (IGC) (Morris and Drouin, 2004; Alhiyafi et al., 2009) . Since the main requirement for this type of genetic exchange is similarity of sequence, families of genes sharing similar sequence within a genome may be fertile ground for intragenomic recombination.
To detect whether recombination or gene conversion has occurred in the past, divergent sequences can be analysed for vestiges of previous genetic transfers. A variety of approaches have been developed. Some methods compare phylogenetic trees for discordances between trees for neighbouring sequences as these may indicate prior recombination has moved a 'branch' of the tree. More generally, the occurrence of identity or near identity of parts of sequences between two sequences in the presence of greater divergence in neighbouring sequences may constitute evidence of prior recombination. These methods have varying degrees of reliability, as determined by their ability to positively detect recombination known to have occurred in genetic simulations and among real sequences that, for other reasons, were thought to have undergone recombination. In a comparison of 14 different gene recombination detection methods, GENECONV was consistently among the best (Posada and Crandall, 2001) . GENECONV has been applied successfully to various biological data sets to analyse recombination among alleles of homologous genes (Tsaousis et al., 2005; Baldo et al., 2006; Ezawa et al., 2006; Bergholz et al., 2007) . GENECONV was also used to demonstrate intragenomic recombination between genes in gene clusters in both yeast and E. coli genomes (Drouin, 2002; Morris and Drouin, 2004) .
The occurrence of IGCs in E. coli was originally analysed computationally in four E. coli genomes, which included K12 MG1655 and three pathogenic strains (O157:H7 Sakai, O157:H7 EDL933 and CFT073) by Morris and Drouin (2004) . They found evidence of significantly more intragenomic recombination having occurred in the three pathogenic strains than in K12. However, their conclusion that "gene conversions are more frequent and much less dependent on sequence similarity in pathogenic strains than in K12" depended on a comparison of only one non-pathogenic strain and a selected subset of pathogenic E. coli strains. In contrast, a subsequent study of the same four genomes by Morris and Drouin found no difference in the IGC rates when only 'backbone' genes were considered, i.e., only those genes found in common among the four strains (Morris and Drouin, 2008) .
The hypothesis that pathogenic strains of E. coli are more prone to intragenomic recombination can be more thoroughly tested by analysing additional genomes. The genomes of several more E. coli strains have now been sequenced, and, in addition, despite their different genus name, Shigella genome sequences can also be compared since Shigella spp. are considered to be recent (<0.3 mya), multiple, independent clones of E. coli (Pupo et al., 2000; Wang et al., 2001) . These additional genomes include the non-pathogenic W3110 E. coli K12 strain, several UPEC Urinary Tract Infection (UTI) strains (E. coli 536 and E. coli UTI89), and six Shigella spp. genomes (as of spring, 2007, when the computational analysis in the present paper was conducted). The analysis of one genome of a Shigella species (Shigella flexneri 2a str. 301) (Morris and Drouin, 2007 ) revealed a number of IGCs closer to that in the non-pathogenic K12 MG1655 strain than to the pathogenic E. coli strains previously studied.
The present paper compares IGCs in the many additional Escherichia and Shigella genomes now available, to test this hypothesis about the relationship of IGC frequency to pathogenicity more critically. This study uses RECOMBFLOW, a recently developed scientific workflow system, for automating IGC analysis in multiple genomes (Alhiyafi et al., 2009) . Furthermore, since sequences flanking both ends of the potential conversion sites have been shown to affect the detectability of gene conversions (Alhiyafi et al., 2007) , IGCs were also analysed with neighbouring sequences included, a procedure that allowed the detection of IGCs larger and in greater numbers than had previously been described. Finally, the types of genes exhibiting IGCs were characterised.
Materials and methods

Genome sequences
Complete bacterial genomes were obtained from the GenBank repository that is available from the NCBI ftp site (ftp://ftp.ncbi.nih.gov/genomes/Bacteria). The protein sequence (.faa), DNA sequence for proteins (.ffn), complete DNA sequence (.fna) and the reference table for proteins (.ptt) files were retrieved for each genome in the analysis. The genomes analysed in the present study were Escherichia_coli_K12_MG1655 (U00096), Escherichia_coli_CFT073 (AE014075), Escherichia_coli_O157H7_EDL933 (AE005174), Escherichia_coli_O157:
, Shigella_sonnei_Ss046 (CP000038). The labels in parentheses are the Genbank accession numbers of the core nucleotide sequence of each strain. The first four genomes are the same as studied by Morris and Drouin (2004) , except that their download was in 2002 and several updates of the sequences have been made in the intervening period (data in the present paper are based on sequences downloaded in March, 2007) . Strain 536 is an O6 serotype UPEC strain obtained from the Institut fur Hygiene und Mikrobiologie, Universitat Wurzburg, Germany (Berger et al., 1982) whose complete genome was reported by Hochhut et al. (2006) . UTI89 is a strain provided by Langerman from a patient having acute bladder infection (Mulvey et al., 2001 ) and completely sequenced by Chen et al. (2006) . Strain W3110 is an ancestral K12 strain whose complete genome was reported by Hayashi et al. (2006) . Shigella strains Sb227, Sd197, and Ss046 were all isolated during epidemics in China in the 1950s and obtained from the Institute of Epidemiology and Microbiology, Chinese Academy of Preventive Medicine, for complete sequencing by Yang et al. (2005) . S. flexneri variants are from epidemic strains that were sequenced by various authors: strain 301 was isolated from a patient with severe shigellosis in Beijing, in 1984 (Jin et al., 2002) ; strain 2457T 2a was obtained from the Walter Reed Army Institute of Research and sequenced by the Blattner group (Wei et al., 2003) ; strain 8401 is from an epidemic in China and provided by the National Institute for Communicable Disease Control and Prevention, Chinese Centre for Disease Control and Prevention (Jin et al., 2002) .
Computational methods
Various software applications were incorporated as processes within the Taverna system (version 1.4) (Oinn et al., 2004) , the final version of which is called RECOMBFLOW (Alhiyafi et al., 2009 ). The initial methods reproduced and verified the procedures of Morris and Drouin (2004) , which were then modified as described here. BLASTClust, used to identify multi-gene family members in the genome, was obtained from the NCBI ftp site (ftp://ftp.ncbi.nih.gov/blast). ClustalW, used to align sequences, was obtained from EBI (http://www.ebi.ac.uk/clustalw). GENECONV was obtained from Sawyer's website (http://www.math.wustl.edu/∼sawyer/geneconv) and used to identify gene conversion events between pairs of aligned DNA sequences. Duplicate gene pairs were removed from the GENECONV output with self-written software by a method described here. A graphical view of the IGC analysis scientific workflow is shown in Figure 1 . Processes and parameters used in the analysis were as follows:
Protein sequences within a genome were classified as members of multigene families with BLASTClust using 60% identity over at least 50% of their lengths as the criterion. Sequences of family members were then aligned with ClustalW. Initially, Morris and Drouin's results were verified using their procedure of aligning the protein sequences (a procedure that inserts gaps when needed according to the amino acid sequence), followed by aligning the corresponding DNA sequences in the same register. However, since recombination takes place at the level of homologous DNA sequences rather than the protein sequence, it seemed more logical to align the DNA sequences of family members directly with ClustalW as this would more closely mimic the alignment presumed to occur during recombination. Therefore, after verification of previous results, subsequent alignments applied ClustalW directly to the DNA sequences corresponding to protein sequence family members identified as output from BLASTclust. Results will show that both methods produce comparable although not exactly identical values.
Aligned DNA sequences were processed using GENECONV to identify the gene conversions. Global inner fragments with p-values less than 0.05 were counted. The g-scale value, which sets the mismatch penalty for single nucleotide differences in the converted region, to allow for the possibility that point mutations had occurred after gene conversion, was set equal to two, the same value used by Morris and Drouin (2004) .
With large clusters, pairs of global inner fragments identified by GENECONV often included duplicate fragments between sets of different pairs, which might have been due to a single gene conversion event followed by subsequent genomic duplications and divergence. To avoid counting a single event multiple times, all but one representative of each set of duplicates were removed before counting up the gene conversion events. Since similar gene conversion events could have occurred multiple times, this duplicate removal procedure provides a conservative estimate of the number of IGC events.
In the course of running the above analyses and comparing with previous results, it became apparent that a significant number of gene conversion fragments actually started in the middle of the gene and ran all the way to the end. In other words, very likely the converted fragment was longer than the initial analysis revealed but the actual length was not detected because only the coding sequence was subjected to GENECONV analysis. To remedy this and to obtain more accurate estimates of the lengths of converted fragments, sequences of the DNA flanking each member of the families were appended to the sequences prior to alignment and subjecting sequences to GENECONV analysis. As will be described, various lengths of flanking DNA sequences were tested, and longer lengths of some previously very short fragments were revealed. In the count of conversion events in each cluster, we count only those fragments having at least one end beginning within the protein-coding region; additional conversion events that were wholly contained within the flanking sequences are not counted in the results presented, although these numbers are also available.
In summary, the computational methods initially duplicated that of Morris and Drouin (2004) but were subsequently modified by applying ClustalW directly to DNA sequences of family members and by adding flanking DNA sequences to the DNA sequences prior to alignment and GENECONV analysis.
Subsequently, gene functions were identified with a new process added to the RECOMBFLOW scientific workflow system to extract the annotations of genes in gene families from .ptt files downloaded from NCBI. Subsets of these families exhibiting IGCs were subsequently analysed.
Results
Number of gene families, genes, and gene conversions
As shown in Table 1 , analysis of EDL933, Sakai, CFT073, and K12 (MG1655) strains of E. coli with BLASTClust, followed by ClustalW alignment of amino acid sequences, conversion to corresponding DNA sequences, GENECONV analysis and elimination of duplicates gave results similar to Morris and Drouin (2004) . Thus, the EDL933 and Sakai O157:H7 strains had more multigene families (297 and 241, respectively, identical to Morris and Drouin, 2004) than CFT073 (195 gene families in our analysis; 196 in Morris and Drouin's), which in turn was more than the MG1655 strain (107 here, vs. 104 for Morris and Drouin) . Comparably, the current analysis confirmed that families with only two members were greater in the O157:H7 (204 and 151) and CFT073 (142) pathogenic strains than in the non-pathogenic MG1655 strain (81). Multigene families with more than two members were, respectively, 93, 90, 53 and 26. Inspection of Table 1 confirms that other intermediate values in the analysis are similar, if not always identical to Morris and Drouin (2004) . Finally, the important result, with respect to gene conversions, is that multigene families with more than two members in the EDL933, Sakai, CFT073 and MG1655 genomes contained 142, 231, 52 and 16 gene conversions, respectively. This result confirmed the higher rates of IGC, as determined by GENECONV in this set of pathogens, compared with this particular non-pathogenic strain.
Before continuing the analysis with other E. coli genomes, we made the adjustment, as explained in Section 2, of doing the ClustalW alignments on the DNA sequences corresponding to the members of the clusters, instead of aligning the amino acid sequences before converting to DNA sequences. Results with this modification (see top four lines of data in Table 2 ) are close to, but not identical, to the original method (Table 1) . For example, with the revised method the numbers of gene conversions contained in multigene families with more than two members in the EDL933, Sakai, CFT073, and MG1655 genomes was 148, 193, 41 and 17, respectively. The important result of higher numbers of gene conversions for the O157:H7 strains than the UPEC strain, and in turn more than the non-pathogenic strain is confirmed. It is also clear that the changed method produces results that can be either slightly higher or lower than the original method (i.e., no systematic bias is introduced).
Next, the method was applied to genomes of additional E. coli strains that had become available since 2002 and also to genomes of Shigella spp. The results are summarised in lines 5-13 of Table 2 .
First, another K12 strain, W3110, has been sequenced. The number of gene conversions in gene families with two or more members in W3110 is 15, compared with 17 for the MG1655 strain, confirming the relatively low number of gene conversions in these non-pathogens.
Second, genomes from several additional UPEC strains have been sequenced. Gene conversions in gene families with two or more members in strains 536 and UTI89 were both 24, which is closer to the values (∼16) for the K12 strains and only ∼60% of the value of 41 observed for the previously studied UPEC strain, CFT073. Table 2 for identification of strains).
As noted in the first paragraph of this section, the E. coli strains with the most gene conversions were also the ones with the most gene families. Therefore, one could suppose that the numbers of gene conversions in Shigella might simply be a function of the numbers of gene families. Indeed, there is a significant positive correlation of numbers of gene families with numbers of gene clusters if all 13 genomes are analysed as a group (Figure 2 , r 2 = 0.895; p < 0.001). However, this significant relationship is strictly a result of the extreme values due to the EDL933, Sakai and CFT073 strains. Leaving out those three strains still leaves ten strains with values for both independent and dependent variables varying over almost a two-fold range and showing no significant correlation at all (Figure 2 , r 2 = 0.098; p = 0.378). Another factor that might be expected to account for the low numbers of gene conversions in Shigella is the number of members of their multigene families. Indeed, for the four genomes studied by Morris and Drouin, a significant positive correlation was found between the size of a multigene family and the number of conversions (Morris and Drouin, 2004) . According to this reasoning, Shigella would be expected to have small gene families; however, this is clearly not the case with Shigella. A remarkable difference of all of the Shigella species from those of E. coli is the consistently larger numbers of members of the multigene families in Shigella. As illustrated in Figure 3 , the largest gene families in Shigella species ranged from 104-314 members; whereas, the largest multigene family in the E. coli genomes was 21 in EDL933. Moreover, even though Figure 3 highlights only the largest families, it is not only the largest family that stands out in these genomes. For example, the ten largest gene families of Shigella boydii Sb227 have 170, 125, 41 (3 families), 40, 34, 29, and 24 (2 families) members. The average Shigella genome had 7 ± 1 (mean ± sem) families with >21 members in them; whereas, none of the Escherichia strains had families with >21 members. 
Lengths of gene conversion sequences
The sizes of the gene conversions detected by the above methods (Tables 1 and 2) for EDL933, Sakai, CFT073 and K12 (MG1655) strains of E. coli were practically identical to that reported by Morris and Drouin (2004) . A particular gene family that will be discussed is the Rhs family which in the EDL933 O157:H7 genome had IGC fragments of lengths 1216, 1212, 564, 357, 257, 196, 98, 97 and 96 (median = 257; average = 455) . Neither the size ranges nor the mean converted lengths among these four strains differ significantly from one another. When extended to the analysis of the newer E. coli genomes and the Shigella genomes (Table 2) , the conversion lengths for most genomes are not significantly different from one another; however, the genomes at the extreme ends of the distribution do differ significantly from each other: Shigella boydii, with a median converted length of 552 differs significantly from the E. coli UPEC strains 536 (median length = 66) and UTI89 (median length = 82) (Kruskal-Wallis One-Way ANOVA on Ranks, p < 0.001; Dunn's multiple pairwise comparison procedure, p < 0.05; for all other comparisons, p > 0.05). For all strains and sequences considered together, the median length of converted fragments by these methods was 175 nucelotides. The average size was 323 ± 40 (mean ± sem of mean sizes for each strain).
However, upon examining these converted sequences in detail, we noticed that in many cases the ends of the identified converted sequence were coincident with the start or end of the clustered sequence (i.e., either began at position 1 of the sequences being tested or ended at a base number equal to the length of the sequence). This suggested the possibility that the transferred sequence actually extended beyond the end of the sequence tested, which, by the method used, was limited to just the clustered gene. In addition, we suspected that additional converted sequences that began in the clustered sequence but were too short to achieve statistical significance without testing their full length might also be present. To test this, we extended the sequence further along the genome both upstream and downstream from the clustered sequence, to determine the full length of the converted fragment. In pilot tests, extensions of various lengths (100, 200, 300, etc.) were tested to see how long the extension should be in order that not more than 5% of the identified conversions that had at least one end in the clustered sequence should start or end at the end of the tested sequence (which now included 100 or more additional upstream and downstream nucleotides). The pilot test determined that extensions of 600 nucleotides at either end achieved that goal for EDL933, Sakai, CFT073 and K12 (MG1655) strains of E. coli. Table 3 shows the lengths of converted sequences when a flanking extension of 600 nucleotides from the genomic sequence was added onto both ends of each sequence. In determining lengths of conversion fragments, we excluded all conversions that started and ended only in the flanking region and thus included only those conversions that were either fully contained or had at least one end within the clustered sequence. The result is that the average size of converted fragments was much larger than detected with the previous method. For all strains and sequences considered together, the median length of the converted fragments by these methods was 668 nucelotides. The average size was 640 ± 47 (mean ± sem of mean sizes for each strain). The closer agreement between mean and median for these data than for the analysis without the flanking regions added also suggests a 'better behaved' data set. The Rhs family in EDL933 is somewhat of an exception, in that the number of IGCs increased to 17 IGCs but with a range of lengths from 38 to 1886 nucleotides, so that the median length actually decreased to 98 while the average length IGC decreased to 390. Values marked with the same superscripts are not significantly different from each other, but do differ significantly from values marked with no superscripts in common (Kruskal-Wallis One Way Analysis of Variance on Ranks, p < 0.001; pairwise comparisons by Dunn's method, p < 0.05).
Also, with the length analysis accomplished with flanking sequences included in the calculation, significant differences by the previous method are still significant and some trends in the original data set now become significant: As before, median converted lengths for the UPEC strains 536 (median = 232) and UTI89 (median = 126) had significantly smaller average lengths than Shigella boydii (median = 668). In addition, other comparisons are significant. Converted fragments of all of the UPEC strains (536, UTI89, and CFT073 (median = 234)) are significantly smaller than not only Shigella boydii, but also compared with all of the other Shigella genomes, as well as compared with the W3110 strain of E. coli (see statistics summarised in Table 3) . Similarly, both O157:H7 strains (EDL933 and Sakai) also have significantly smaller converted lengths than all of the Shigella strains, as well as W3110 E. coli. The MG1655 E. coli strain had average converted fragment lengths (718) near to the overall median and hence was only significantly different from two of the UPEC strains, UTI89 and CFT073. Overall, one can conclude that the converted lengths of the Shigella species were significantly longer than most, while the pathogenic E. coli strains, especially the UPEC strains, were shorter than most.
Higher numbers of conversions when full conversion lengths are analysed
As previously noted, extending the DNA sequence of the clustered sequences might be expected not only to reveal the full length of converted sequences but also to allow the detection of sequences that in the core sequence were too short to have achieved statistical significance in the GENECONV analysis. In fact, the number of gene conversions detected increased an average of approximately 3-fold for E. coli strains (Table 3 ) and approximately 25-fold for Shigella spp. over the numbers detected without the addition of the flanking sequences.
As summarised in Figure 4 , with flanking sequences in the analysis the numbers of apparent gene conversions in all Shigella spp. except for Shigella sonnei is now comparable with the numbers of conversions in the O157:H7 strains, about 500 conversions. However, two of the UPEC strains, 536 and UTI89, have only about 50 conversions, which is comparable with the numbers in the K12 strains, while Shigella sonnei and the UPEC strain CFT073 are intermediate, with about 200 conversions. Without the flanking sequences, the very large multigene families in Shigella had not contributed much to the overall numbers of gene conversions. The even larger increase in numbers of conversions in Shigella spp. than in E. coli strains when flanking sequence were taken into account appeared in many cases to be associated with conversions identified in the largest gene families. For example, in Shigella boydii sb227, the multigene family with 170 members had 49 global inner fragment pairs identified as having evidence of gene conversions. It therefore became of interest to identify the types of genes in these large families, as well as to consider how they may differ from other genes in which IGC fragments were identified.
Genes exhibiting evidence of gene conversion
Analysis of Protein Identifications (PIDs) of genes showing gene conversion reveals that these genes generally fall into four categories:
• enzymes and other functional proteins coded for by multiple genes
• toxin-antitoxin pairs
• prophage proteins
• proteins in Insertion Sequences (ISs) and associated transposases.
Only six families of functional bacterial proteins showed evidence of IGC in four or more of the strains analysed (Table 4) . These families are multidrug efflux system and related efflux pumps, L-serine deaminases and dehydratases, FeS binding subunits of oxidoreductases and glutamate synthase, porins and related outer membrane proteins, proteins of Rhs elements, and L-ribulose-5-phosphate 4-epimerase and related enzymes. In contrast to the overall higher numbers of IGCs in the O157:H7 strains, compared with the K12 strains, the number of families exhibiting these IGCs in the Shigella species is significantly lower than in the K12 strains (p < 0.02; t test). The total number of IGCs in these six genes averaged 14.5 for the K12 strains, 16 for the O157:H7 strains, 6.7 for the UTI strains, and 4.5 for the Shigella strains. Among other types of proteins exhibiting IGCs, proteins of toxin-antitoxin pairs include, for example, the antitoxin of the YeeV-YeeU system found in both K12 strains and similar proteins identified in UTI strains. For the strains that showed an enormous increase in family sizes (Shigella spp.) and the highest total number of IGCs (O157:H7 strains), these increases came primarily from the presence of ISs and families of prophage proteins, respectively. For example, of the 37 families identified as having IGCs in the EDL933 O157:H7 strain (using the non-flank method), 33 families were identified as being proteins from different variants of prophage CP-933. Even for K12 strains, prophages accounted for several of the IGCs: for the MG1655 K12 strain, out of the six families exhibiting IGCs, three families are CP4 prophage protein families. The PID annotations for the W3110 K12 strains have similar protein names to these prophage families but do not designate them as prophage proteins. As noted earlier, relatively few IGCs were identified in Shigella species and strains unless the analysis was done with flanking sequences included. However, with flanking sequences included, the majority of the families and almost all of the IGCs were in ISs or associated transposases. For example, Shigella sonnei had only 24 identified IGCs (of which four were IS proteins) in 11 families without the flanking sequences. When flanking sequences were used in the analysis, 28 families exhibited 217 IGCs, of which 138 in 12 families were annotated as ORFs in ISs, and 14 in three families were in transposases. Table 4 Intragenomic Gene Conversions identified in functional bacterial protein families with >2 members
Discussion
This paper verifies and extends the IGC analysis of Morris and Drouin (2004 but also contradicts the hypothesis that pathogenic strains have higher IGC levels than non-pathogenic strains. By using the RECOMBFLOW scientific workflow system to extend the analysis to include flanking sequences, larger numbers of IGCs can be detected and the full length of IGCs that formerly appeared to terminate at the end of the open reading frame of the genes being analysed can be determined. Specific bacterial proteins whose sequences may have undergone concerted evolution by exchanging genetic material have been identified. With respect to the hypothesis that pathogenic strains have higher IGC levels, this paper shows that the hypothesis is incorrect when additional pathogenic strains are taken into account. This paper first verified the previous observation (Morris and Drouin, 2004) that the O157:H7 pathogenic strains of E. coli and the CFT073 UTI strain have higher IGC frequencies than does the K12 MG1655. However, with additional data, the hypothesis is contradicted on several accounts:
• analysis of two additional UTI strains had much lower IGC levels, closer to the number of IGCs in the two non-pathogenic K12 strains than to the CFT073 UTI strain previously analysed • when analysed by the original method without adding flanking sequences to the analysis, the Shigella species and strains, all of which are pathogenic derivatives of E. coli, had low numbers of IGCs, including Shigella dysenteriae in which the IGC counts were below that of the K12 strains • when considering the IGCs in only the functional bacterial genes (i.e., those genes listed in Table 4 ), the Shigella species and strains actually had lower number of genes with IGCs than the non-pathogenic K12 strains.
In this regard, the three pathogenic strains upon which the original analysis of Morris and Drouin (2004) was based appear to be special cases of exceptionally high IGCs. This is particularly evident in Figure 2 , where it is clear that these three pathogenic strains appear distant from the main cluster of strains, and also that the significant increase in IGCs with family size is strictly dependent on the exceptional positions of the two O157:H7 strains. The increase in IGCs is not a property associated with pathogenicity in general but rather a special property, particularly of the O157:H7 strains. Alhiyafi et al. (2009) made a similar point with respect to pathogenicity of various strains of Streptococcus pyogenes, in which it was concluded that the most frequent serotypes of S. pyogenes in infections in the blood, brain and cerebrospinal fluid actually had the lower IGC levels out of nine S. pyogenes serotypes considered in that study.
In this paper, we identify IGCs in six gene families of >3 members that code for bacterial proteins (as distinct from IS or prophage sequences that also have IGCs). A recent report by Morris and Drouin (2008) similarly listed 'backbone' genes identified as having IGCs. While several genes, discussed here, are the same as those in the present report, many details differ significantly. The differences may be due to the facts that
• the present paper analyses a more recently updated set of genomes
• this paper includes additional E. coli and Shigella species
• the analysis here encompasses neighbouring sequences to allow identification of the full length of IGCs • the methods used here align nucleotide sequences with ClustalW prior to running GENECONV, which differs from Morris and Drouin's procedure of aligning the protein sequences with ClustalW first, a seemingly minor difference that inserts gaps in the resultant nucleotide sequences in slightly different places and does result in small quantitative differences in results.
The justification for our modification is that recombination depends on alignment of similar DNA sequences, and hence computational alignment should reflect the biological mechanism.
Rhs gene families are interesting in that they served, in effect, as a positive control in identifying computationally a set of genes that had previously been shown to undergo intragenomic recombination experimentally. The Rhs genes were originally identified as 'recombination hot spots' (hence, the Rhs designation) with a measured rate of ectopic recombination of 2 × 10 -4 between RhsA and RhsB in K12 (Lin et al., 1984) . Eight Rhs regions in the E. coli genome are said to contain a core region that has been maintained among the various Rhs cores by ectopic recombination. RhsA protein is associated with outer membrane proteins and mutations of it affect polysaccharide biosynthesis (McNulty et al., 2006) . Although Morris and Drouin (2008) listed gene conversion of Rhs genes as "specific to the K12 genome", in our analysis GENECONV found numerous conversions among these families of genes not only in K12, but also in O157:H7, and several Shigella genomes (Table 4) . The discrepancy may, in part, be due to the fact that several of the named genes in K12, RhsB and RhsD, do not appear to have a clearly annotated homologue in O157:H7, where several of the genes in the Rhs family of O157:H7 are simply designated as 'unknown' or 'hypthetical' proteins associated with an Rhs element. In any case, the evidence that these genes actually do exhibit IGC experimentally corroborates identifying IGCs in the Rhs families computationally. The present paper analysed IGCs only in families having more than two members. Empirical demonstrations of gene conversions between gene pairs tufA/tufB (Arwidsson and Hughes, 2004) (Hughes, 2000) and gadA/gadB (Bergholz et al., 2007) are similarly supported by GENECONV identification of IGCs in these two member families (Morris and Drouin, 2008) .
Among the other functional bacterial genes that exhibit IGCs, the L-serine hydratase/deaminase family is of some interest because of the possibly important roles of serine accumulation and catabolism in mediating colonisation by E. coli. Mutation of L-serine deaminase genes in CFT073 results in a competitive defect of these strains in colonisation of murine urinary tract (Anfora et al., 2007) . Perhaps a further indication of the importance of serine in colonisation is the fact that differences in serine chemotaxis relative to aspartate chemotaxis are present in E. coli strains from different host animals (Dzinic et al., 2008) . Thus, the presence of redundancy of serine hydratases/deaminases and their concerted evolution maintained by IGC may be a positive fitness trait.
Finally, we consider the large increase in identification of IGCs in Shigella when the flanking sequences are included in the computation and the high levels of IGCs, in general, in the O157:H7 strains. These high levels of IGCs are primarily due to their identification in IS and prophage sequences. For Shigella, the IGC detection method practically functioned as an 'IS discovery method', and one may wonder whether some of the 'hypothetical proteins' that have IGCs according to GENECONV may represent as yet undescribed IS regions. Although computationally equivalent to the identification of IGCs in 'backbone' genes of the bacteria, a fair question to ask is whether apparent recombination among such sequences really represents a bacterial mechanism. For lysogenic phage, which is really a type of viral infection of the genome, it is certainly possible that the multiple copies and versions of the prophages may represent pre-existing variation or recombination prior to the time of infection. Hence, the evidence of IGCs among these sequences may not represent bacterial mechanisms at all or at least not a mechanism mediated by their current hosts. Similarly, the mobility of IS sequences may mean that gene conversions among these sequences represent unique mechanisms that occur when the IS sequences are moving, rather than chromosomal mechanisms that would be required by genes such as serine deaminases or the Rhs genes.
Conclusion
The number and identity of genes exhibiting intragenomic recombination varies widely among pathogenic and non-pathogenic strains of Escherichia coli and its derivative Shigella strains, indicating no consistent association with pathogenicity of the strains. Six bacterial gene families determined computationally to exhibit intragenomic recombination include the Rhs gene family, previously shown empirically to undergo intragenomic recombination, and the serine deaminase/dehydratase family, for which concerted evolution via intragenomic recombination may help maintain serine utilisation as a positive fitness trait.
